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ABSTRACT 

Closed loop operation of a single, high temperature 
magnetic radial bearing to 30,000 RPM (2.25 million DN) and 
540°C (1,000°F) is discussed.  Also, high temperature, fault 
tolerant operation for the three axis system is examined.  A 
novel, hydrostatic backup bearing system was employed to 
attain high speed, high temperature, lubrication free support of 
the entire rotor system.  The hydrostatic bearings were made of 
a high lubricity material and acted as journal-type backup 
bearings.  New, high temperature displacement sensors were 
successfully employed to monitor shaft position throughout the 
entire temperature range and are described in this paper.  
Control of the system was accomplished through a stand alone, 
high speed computer controller and it was used to run both the 
fault-tolerant PID and active vibration control algorithms. 

 
INTRODUCTION 

In 1998, several goals were set forth by NASA’s 
Environmental Compatibility Assessment Team.  They were to: 
“reduce emissions of future aircraft by a factor of three within 
10 years, and a factor of five within 20 years”, “reduce the 
perceived noise levels of future aircraft by a factor of two from 
today’s subsonic aircraft within 10 years, and by a factor of 
four within 20 years”, “maintain superiority of US aircraft and 
engines”, “improve safety, efficiency, and cost effectiveness of 
global air transport systems”, and “ensure long-term 
environmental compatibility of aviation systems”.  These goals 
must be met without a sacrifice in safety or an increase in the 
cost of transportation (1). 

These objectives are pushing current turbine engines to 
their limits, both in speed and temperature.  In order to reach 
the goals set forth by NASA, the military, and the aircraft 
industry, radical new engine designs are required.  Magnetic 
bearings are one cutting edge technology that will allow 

engines to operate at speeds and temperatures well beyond the 
limits of current technologies.  Thus, smaller, quieter, lighter, 
more efficient engines can be realized, resulting in lower 
operating costs, higher reliability, and fewer emissions. 

Current engine systems are supported by ball bearings and 
dampers, which are limited in speed (<2 million DN) and 
temperature <260°C (<500°F).  Additionally, these systems 
require complicated secondary cooling paths and an intricate 
lubrication system.  These components significantly increase 
the weight, complexity, and cost of the aircraft.   

Magnetic bearings provide a unique, smart component 
solution to this problem.  Since there are no contacting parts in 
a magnetic bearing, the lubrication system can be eliminated.  
Because the magnetic bearing can operate at extreme 
temperatures, the secondary cooling air can also be eliminated.  
Another advantage of the magnetic bearing is that the shaft can 
be operated at much higher speeds with significantly lower 
power usage when compared to conventional ball bearing 
losses (2) and (12).   

With the elimination of the lubrication system, 
maintenance costs will be lower due to a less complicated 
system, no need to store or dispose of hazardous materials, and 
elimination of spill and contamination issues during service.  
These savings can add up to billions of dollars over the service 
life of a fleet of aircraft.  The removal of the lubrication system 
will also lower emissions from the engine and make the engine 
more fire safe. 

Another limitation overcome with magnetic bearings is 
that of fatigue life.  In a conventional rolling element bearing 
system, bearings suffer from fatigue, which at high speeds can 
require replacement of bearings in a relatively short amount of 
time.  Since there are no contacting parts in magnetic bearings, 
raceway fatigue is not an issue. 
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Magnetic bearings also offer several advantages over other 
non-contacting type bearings, such as journal and foil bearings.  
First, magnetic bearings are able to support a rotor at zero 
speed, thus eliminating touchdowns during startup and 
shutdown and the need for lubrication during these events.  
Also, magnetic bearings do not need a fluid to operate, making 
them suitable to operate at extreme altitudes, in vacuum, or 
with a highly viscous fluid.  Additionally, magnetic bearings 
have full force capacity throughout the entire operating range, 
independent of speed and fluid density. 

However, in many applications journal or foil bearings 
provide an excellent solution for backup or touchdown bearings 
for a magnetic bearing system.  Since these types of bearings 
are also non-contacting, they can operate at the high speeds and 
temperatures that can be achieved with magnetic bearings.  
These types of bearings can provided a good backup system in 
case of total magnetic bearing failure (i.e. power loss) or for 
sudden, short load sharing, such as an aircraft carrier landing.  

Magnetic bearings also provide an active rotor support 
system.  This is an advantage for adapting or actively 
responding to transient events such as a hard aircraft landing, 
blade rubs, or sudden imbalances (such as a blade loss).  
Another advantage of an active rotor support system is that 
blade tip clearance can be controlled to prevent the onset of 
compressor stall or surge resulting in increased operating 
margins.  A third advantage of the system is that it allows for 
active health monitoring of the rotor support system.  This will 
help reduce maintenance costs by giving a technician 
information about the system without even having to open an 
access panel. 

Preliminary system studies have show that a magnetic 
bearing system weighs significantly less (~5%) than an 
equivalent oil lubricated bearing system (3).  These weight 
savings, in addition to higher power density, reduced 
maintenance and more efficient engines, will also contribute to 
significant overall fleet savings. 

First introduced in an ultracentrifuge rotor in the 1930s (4), 
magnetic bearings are not a new concept.  However, only 
recently has the technology been developed to a level which is 
suitable for the extreme temperature environments required by 
the next generation of turbine engines.  Advancements in 
magnetic materials with good mechanical and magnetic 
properties, high temperature sensor and coil technology, and 
inexpensive, powerful computers and power supplies have put 
magnetic bearing technology on the forefront for the next 
generation of advanced gas turbines. 

Previous work done by others (5) to (9) laid the 
groundwork for the research that has been conducted at NASA 
Glenn Research Center.  These works tested material’s 
magnetic and mechanical properties, provided a foundation for 
control schemes used in this facility, and described some 
operation at elevated temperature and high speeds. 

Previously, the authors (10) to (13) have successfully 
operated the magnetic bearing described in this paper at high 
speeds and temperatures while measuring force capacity and 
power usage.  The focus of this work is to continue the previous 
research and demonstrate levitation operation of the magnetic 
bearing to 30,000 RPM and 540°C (1,000°F) and implement a 
novel, hydrostatic backup rotor support system. 

PREVIOUS FACILITY CONFIGURATION 
The facility used for this experiment is shown in Figure 1 

and Figure 2.  A single radial magnetic bearing is located at the 
center of gravity of the shaft.  The magnetic bearing stator is an 
isolated, modular C-core, 12-pole, heteropolar design.  The 
width of the stator is 76.1 mm (3.4 in.) and supports a 75 mm 
(2.97 in.) diameter rotor.  Each C-core consists of two poles, 
each wrapped with a specialty wire.  This pure silver wire has a 
patent-pending, high-temperature insulation process that allows 
for the maximum packing factor (amount of wire/given 
volume) and is more fully described in Reference (13).  
Because of the high packing factor, the bearing force is 
maximized and the special insulation allows for high 
temperature operation.   

 
 
 

 
Figure 1 - High temperature magnetic bearing test facility at NASA 

Glenn Research Center 

Power is provided through filtered, tri-state, pulse width 
modulated (PWM) amplifiers and heat is supplied by three 
band heaters wrapped around the stator.  The magnetic bearing 
design is fully described in Reference (13). 

 
 
 

 
Figure 2 - Schematic of high temperature magnetic bearing facility. 
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The rotor is supported at either end by a unique, 
interchangeable rotor support system.  This system includes a 
support bearing and a sleeve, which is pressed onto the end of 
the shaft.  The type of support bearings used can be changed 
and the sleeve diameter can be varied in size to provide a 
clearance or interference fit with the support bearings.  For 
reference, the sensors and bearings that are closest to the air 
turbine drive are termed the ‘inboard’ and those located on the 
side furthest from the air turbine are referred to as the 
‘outboard’. 

For the load tests described in Reference (10) to (12), a 
duplex set of ball bearings with a zero clearance sleeve was 
used on either end.  This allowed for direct measurement of 
load capacity as a function of speed, current, and temperature.  
Several configurations for the auxiliary rotor support system 
were used for the adaptive control tests and are fully described 
within this paper. 

FACILITY CONFIGURATION AND EXPERIMENTAL 
WORK 

 
HIGH TEMPERATURE SENSORS 

In order to successfully control a levitated shaft, its 
position within the stator must be known.  Since there was only 
an average of 0.559 mm (0.022 in) radial clearance between the 
rotor and the stator, sensor accuracy was important. Also, 
different thermal growth rates of the shaft and stator were a 
major concern.  Since the sensors are not integrated into the 
stator, axial positioning of the sensors was also an important 
consideration. 

Commercially available, induction based, high temperature 
position probes manufactured by Kaman Instrumentation were 
selected for this application.  These sensors were developed to 
measure the runout of steam turbine shafts in nuclear reactors.  
The sensors use a special symmetrical coil design which can 
compensate for temperature from 25°C (77°F) to 540°C 
(1,000°F).  These sensors are also unaffected by most corrosive 
gases and liquids and most other environmental contaminants 
such as oil, dirt, radiation, and stray RF and magnetic fields 
(14).   

The sensors have a resolution of 0.00075 mm (30 µin) with 
a sensitivity of 2.04 mV/µm (50 mV/0.001 in.).  The sensors 
have zero shift of 0.054%/°C (0.03%/°F) FSO and can operate 
to 34 MPa (5,000 PSI). The robustness of these sensors makes 
them an ideal choice for this application and eventual usage in a 
gas turbine environment. 

In order to accommodate shaft growth due to thermal 
expansion, a dual sensor setup was used for each of the two 
fixed axes.  In this configuration, two sensors are mounted 180° 
apart.  For control, the average value of the difference between 
the sensors is used, which compensates for thermal growth.  
Two planes of four sensors, located just outside the stator 
housing, are used to determine the feedback position of the 
shaft. Axis values in each plane were summed and then 
averaged between planes in order to accommodate tilt and give 
an accurate representation of the position directly at the 
magnetic bearing center.  

The eight sensor configuration coupled with the accuracy 
and robustness of the sensors proved for a reliable and stable 
system across the entire temperature and speed range.   

 

CLOSED LOOP CONTROL 
Closed loop control was accomplished using a high- 

speed, real time controller. The controller employs a 
proportional/derivative controller with an integral option.  The 
integrator can be switched on or off during operation.  The user 
has control over various bearing parameters such as stiffness, 
damping, and integration rate.  The user can also set the X and 
Y position of the center of rotation, set excitation (whirl) rate 
and amplitude, and adjust imbalance compensation parameters. 

The closed loop architecture starts with the high 
temperature, inductive sensors monitoring the rotor’s position.  
The sensors are attached to individual signal conditioning units 
that output an analog signal.  After passing through a gain 
offset board, the signals pass through a group of circuits that 
subtract and average them into their respective X and Y control 
components.  These two remaining signals are then sent 
through anti-aliasing filters. 

The analog position signals then go to a high speed, real 
time controller, where they are converted to digital signals 
using the controller’s 16-bit analog to digital (A/D) converter.  
The controller reads the position of the rotor and then generates 
the appropriate output signals to drive the PWM amplifiers.  
These signals are converted to analog signals using the 
controller’s 14-bit digital to analog (D/A) converter and the 
passed through smoothing filters.  

The control signals set the ampere output of the PWM 
amplifiers.  The output of the amplifiers passes through another 
low-pass filter and then to a C-core, creating a north-pole and 
south-pole flux path.  This creates an attractive force between 
the lamination stack and the C-core.  

The controller has a loop time of 25 µs, which equates to a 
control frequency of 40 KHz.  The loop time was the minimum 
achievable with the current hardware. Loop time was 
minimized in order to maximize bearing’s control (updates of 
currents and positions in a given time). The loop time achieved 
provided ample bandwidth to provide accurate, precise rotor 
control. The controller has four modes of operation: stable rotor 
levitation, X rotor position control, Y rotor position control, 
and a rotor whirl function.  

With the whirl function, the user has control over the 
frequency and amplitude of whirl.  The user can also turn on 
and off each axis, yielding three whirl patterns: a horizontal 
vibration, a vertical vibration, and a circular whirl.  This part of 
the controller was used to demonstrate the extreme accuracy of 
the magnetic bearing to move the center of rotation within the 
backup bearing clearance throughout its entire speed and 
temperature range. The whirl was also used to simulate 
touchdown events on the backup bearings. 

Another feature incorporated into the controller is a feed-
forward control function. Feed forward control refers to a 
method where the magnetic bearing is used to counter-act rotor 
imbalance forces. Based on the synchronous vibration 
component, the controller superimposes a signal onto the basic 
control signal to energize the appropriate C-cores to generate a 
counter-acting force. When the feed forward control is active, 
the shaft displacement due to imbalance can be completely 
eliminated. Examples of both whirl and feed forward control 
are shown later in this paper.   
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LEVITATION CONFIGURATION 
The first set of tests conducted demonstrated the control 

authority of the magnetic bearing. To demonstrate the ability of 
the bearing to successfully maintain the rotor position while it 
is levitated and rotated, the outboard sleeve was replaced with a 
clearance sleeve. The clearance sleeve had a 0.254 mm 
(0.010 in.) radial clearance between it and the backup bearings, 
which is half of the gap between the rotor and the stator in the 
magnetic bearing. This gap was chosen so the shaft could coast 
down on the backup bearings without damaging the magnetic 
bearing in case of failure or magnetic bearing shutdown. 

A high-speed data acquisition system monitored C-core 
currents, backup bearing temperatures, rotor position, and 
magnetic bearing temperatures.  Test conditions were an 
operating speed to 25,000 RPM and temperatures to 540°C 
(1,000°F).  During these tests, the magnetic bearing had 
complete and precise control over the shaft and that magnetic 
bearings compensated for shaft imbalance at extreme 
temperatures. 

The first test showed the successful implementation of feed 
forward control, which is explained earlier in this paper. At 
10,000 RPM, the shaft had synchronous vibration RMS 
amplitude of ±51 µm (0.002 in.) without feed forward control 
on.  When feed forward control was activated, the shaft RMS 
vibration amplitude was <±6 µm (0.0002 in.), a 400% 
reduction. Successful feed forward compensation was 
demonstrated to 25,000 RPM. 

The next set of tests were designed to demonstrate that the 
magnetic bearing had precise control over the shaft’s center of 
rotation and could move that center within the backup bearing 
clearance.  The first test indicated that the bearing was able to 
displace the center of rotation by a fixed amount.  This is 
shown in Figure 3, where the center of rotation was moved 
from the (0, 0) position to two other locations and then returned 
to the (0, 0) coordinates.  The bearing was able to maintain the 
shaft’s orbital profile of <±13 µm (0.0005 in.) diameter during 
the shaft’s center movement. 
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Figure 3 - Demonstration of magnetic bearings ability to move 

center of rotation (25,000 RPM) 

The controller’s X and Y displacement and whirl functions 
were used to move the center of the shaft ±102 µm (±0.004 in.) 
at various frequencies up to several hundred cycles per second.   

Figure 4 shows an example of the whirl function with both 
the X and Y displacements on. The orbit starts at the (0, 0) 
position and then the whirl function was turned on with a radius 
of 102 µm (0.004 in.). The bearing maintained this orbit and 
then returned the shaft to the center position when the whirl 
function was turned off. 
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Figure 4 - Example of magnetic bearing's whirl function and center 

position control 

FAULT TOLERANT TESTING 
The next series of tests demonstrated the magnetic bearings 

ability to function in case of a failure in one of the C-cores.  
The same configuration for the backup bearings was used as in 
the levitation control tests.   

This radial magnetic bearing was designed to have three 
control axes: one horizontal and two sixty degrees off vertical 
(Figure 5).  The control algorithm was modified to include a 
t-matrix control method, modeled after a scheme developed in 
industry and further developed at Texas A&M University and 
NASA GRC (15) and (16).  In this control scheme, matrices of 
coefficients are pre-calculated and designed to make the 
bearing operate with only two axes, but with similar dynamic 
properties as the un-failed, fully populated bearing. The 
original output of the controller is multiplied by the matrix 
coefficients to adjust the control currents to the appropriate 
values for two axis control.  For this application, only three 
matrices were required, one for each failed axis case.    

In this implementation of the t-matrix method, the 
controller continuously monitors three manually controlled 
TTL inputs that indicate a failure of a C-core in one of the  
three control axes.  The controller would register which C-core 
axis failed and then switch to the appropriate t-matrix for that 
failed axis case. The bearing would reach stable operation 
almost immediately and then operate the four remaining 
C-cores for several minutes. The failed axis was then 
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reactivated and the controller switched back to the original 
three axis configuration.  Stable rotor levitation was 
demonstrated to 25,000 rpm and to 540°C (1,000°F) with any 
one of the three axes failed. 

 
 
 

 
Figure 5 - High temperature magnetic bearing axis configuration 

Experimental data for C-core current and X/Y position as a 
function of time is shown in Figure 6.  Here, the rotor speed 
was 20,000 RPM and the stator 540°C (1,000°F). At 
approximately 0.023 seconds, the 3-6 axis (see Figure 5) was 
shut off.  The controller instantly switches to the appropriate 
failure matrix and accordingly adjusts the outputs to the 
remaining four C-cores.  As seen in the position signal, the total 
disturbance in the position of the rotor is less than 13 µm 
(0.0005 in.) and it returns to the original orbit position in less 
than 0.04 seconds.  Similar results were obtained over the entire 
speed and temperature range for failures in all three axes. 

 
HYDROSTATIC BEARING DESIGN AND FACILITY 
CONFIGURATION 

Due to the test time limitations encountered at high speeds 
or temperatures using the ball bearing to support the drive end, 
an alternate rotor support system was designed.  It was clear 
that a non-contacting bearing would have to be used since the 
ball bearings were quickly overheating at high speeds and 
temperatures. 

A unique hydrostatic bearing was thus designed to 
overcome this limitation. The bearing needed to meet the 
following criteria: a fairly large radial clearance to allow room 
for the magnetic bearing to actuate the shaft, high temperature 
capacity, low friction in case of a touchdown event, capable of 
harsh environmental operation, and load capacity at low or zero 
speed. A hydrostatic configuration was chosen over a simple 
journal because of load capacity at zero speed and its simplicity 
and low cost when compared to other non-contacting bearings 
(17) and (18).   

A solid journal made from a high lubricity, high 
temperature material (Graphalloy®) was chosen as the basis for 
the bearing.  This material was suitable for operation at high 
temperature (540°C (1,000°F)), in a vacuum, or submersed in 
or in contact with hostile liquids and gases. One main 

advantage of making the entire journal from a high lubricity, 
solid material was that it provided a low friction rub surface 
throughout out its life, regardless of wear.  Another advantage 
was that no additional surface coatings or lubricants were 
required for low friction operation.   
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Figure 6 - Position (a) and current (b) values for fault tolerant test 
at 20,000 RPM and 540° (1,000°F) 
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The journal used was 35.2 mm (1.388 in.) long with an 

inside diameter of 35.049 mm (1.3799 in.).  A radial gap of 
0.038 mm (0.0015 in.) existed between the hydrostatic bearing 
and the shaft sleeves.  The basic journal bearing was modified 
with air supply orifices to add a hydrostatic component to the 
bearing.  In the interest of maximum load capacity, the design 
went through many iterations in size and orientation. A final 
configuration of eight straight, 0.81 mm (0.032 in.) diameter 
through holes located axially in the center of the bearing was 
chosen.    The journal was fit inside a housing which had an air 
supply channel behind the orifices.  This assembly was then 
press fit into an outer housing, which mounted to the rig 
hardware and the supply air source.  The bearing is shown in 
Figure 7.   

 
 

 

 
Figure 7 - Detail of hydrostatic journal bearing 

Since there was a large radial gap between the rotor and 
the hydrostatic bearings, several air supply pressures (between 
34 KPa (5 PSI) and 758 KPa (110 PSI)) were tested without the 
magnetic bearing on.  Shaft liftoff occurred at approximately 
310 KPa (45 PSI).  It was chosen to operate the bearings at the 
maximum (758 KPa (110 PSI)) pressure to try to achieve the 
maximum load capacity.  In the final facility configuration, two 
hydrostatic bearings were used, one at each end.  

With the two hydrostatic bearing configuration, the shaft 
was fully suspended radially on non-contacting bearings. A 
high precision, high speed coupling was used between the end 

of the shaft and the air turbine drive.  The low stiffness 
coupling was used to retain the shaft axially, but did not 
provide radial support to the drive end of the shaft. The rotor 
sleeves used with hydrostatic bearings had shoulders machined 
on them.  These contact the edge of the hydrostatic bearing in 
case of an axial restraint failure.  In this setup, shaft, bearing, 
and drive system alignment was critical. The centers of the 
three bearings had to be aligned so stable rotation could be 
achieved. However, by using the magnetic bearing controller, 
the center of rotation of the magnetic bearing could be adjusted.  
This is described later in this section. 

  The first test in this configuration was to find out the 
stable operating range of the hydrostatic bearings alone.  A 
supply pressure of 758 KPa (110 PSI) was used at both ends of 
the shaft and provided the stable operation. The facility was 
operated with the magnetic bearing off until the sensors 
indicated the shaft orbit was equal to the diametric clearance 
and the hydrostatic bearings began to increase in temperature.  
This indicated touchdown or rubbing between the shaft and the 
journal. This was defined as the maximum speed the 
hydrostatic bearings would operate without magnetic bearing 
and occurred at approximately 4,500 RPM. 

The second series of tests were to operate with the 
magnetic bearing active. For this case, the average value of the 
inboard and outboard sensors was used for the closed loop 
control and gave the position directly. This provided the most 
stable operation. Bearing C-core currents, hydrostatic bearing 
temperatures, and stator temperatures were monitored 
throughout the tests. Since perfect alignment between all the 
elements of the system was impossible, the magnetic bearing 
was used to move the shaft’s center until the magnetic bearing 
forces were minimized (i.e., low current usage and 
fluctuations). Once this was established, the stiffness, damping, 
and bias values of the magnetic bearing were adjusted to 
optimize control. 

Once the system was successfully operated in the low 
speed range (<5,000 RPM) at room temperature and with 
magnetic bearing values optimized, the shaft speed was slowly 
increased to the target of 30,000 RPM.  As the speed increased, 
stiffness, damping, and feed forward parameters were manually 
adjusted to minimize the orbit diameter and rotor vibrations.  
The bearing was successfully operated to 30,000 RPM without 
touchdown or rubbing on the backup bearings. 

The next tests were performed at 540°C (1,000°F).  The 
same procedure was taken to establish the operational speed 
without the magnetic bearing and to optimize the stiffness and 
damping values of the magnetic bearing. Again, the bearing 
was successfully operated to 30,000 RPM at 540°C (1,000°F).  
C-core current, hydrostatic bearing temperatures, and magnetic 
bearing temperatures were monitored throughout the test.  
Figure 8 shows rotor position (a) and current usage (b) at the 
high temperature and speed operating condition.  From this 
figure, it can be seen that stable rotor position was achieved 
with limited work from the magnetic bearing (low current 
usage).   
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Figure 8 - Position (a) and current (b) data for 30,000 RPM, 540°C 
(1000°F) operation of magnetic/hydrostatic rotor support system 

CONCLUSIONS 
A high temperature, fault tolerant magnetic rotor support 

system has successfully been demonstrated.  This magnetic 
bearing is able to compensate for rotor imbalance forces and 
actively control bearing parameters such as stiffness and 
damping. A novel backup bearing using a high lubricity 
material to form a hydrostatic system was also successfully 
implemented.  The complete system operated to 30,000 RPM 
(2.25 million DN) and 540°C (1000°F).  

FUTURE WORK 
This work demonstrated a fully functional, high load, high 

temperature radial magnetic bearing.  In order to help qualify 
the technology for flight, further research will be done into the 
long term durability of the bearing.  Thermal cycle testing and 
extended duration tests at high temperature on the mechanical 
and magnetic properties of the Hyperco 50 HS will be 
investigated.  Testing of a high temperature magnetic thrust 
bearing that can operate to the same conditions as this radial 
bearing is scheduled to begin in early 2004. 

Preliminary designs of an engine simulator rig (ESR) that 
would incorporate this technology have been finished.  This rig 
will extend the technology demonstrated in this paper to a 
higher speed (4 million DN), large system that is fully 
supported by magnetic bearings.  This rig will have the capacity 
to simulate an engine environment in terms of temperature and 
external vibrations (such as wing interactions). Also, the 
control software is always under development. The system 
demonstrated used a fairly simple PID type controller. Future 
controllers will intelligently and automatically adjust bearing 
parameters to optimize performance.  These advancements will 
make the bearing even more robust and place magnetic 
bearings on the forefront of next generation technology for 
intelligent turbomachinery. 
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